Introduction
In China, the sintering plants have not focused on NO x emission. They have had their hands full with two other pollution problems: sulfur dioxide and soot. According to statistics, the Chinese sintering process of iron ore annually emits 1.0ϫ10 6 metric tons of NO x , which occupies the majority of NO x produced in iron and steel industry. 1) As emission control regulations get stricter, the NO x reduction in sintering process becomes an important environmental concern due to its role in the formation of photochemical smog and acid rain.
There are three methods for reducing the amounts of NO x emitted from sintering plant. The first method is the treatment of flue gas. 2, 3) Since the flow rate of flue gas is large (100 m 3 · m Ϫ2 · min
Ϫ1
) and the absolute level of NO x is relatively low (200-300 ppm), it is difficult to apply this method to sintering plant. Moreover, the huge capital investment and operating cost strongly reduce the competitiveness of iron and steel works due to the installation of ammonia NO x removal equipment. The second is the denitrification with recycling flue gas, which is a method of reducing NO x emission by recycling part of flue gas extracted from all bellows, such as the emission optimized sintering process-EOS. 4) The Linz steelworks and Siemens VAI have developed an improved denitrification process with recycling flue gas-eposint. 5) In this process, the recycled flue gas was extracted from the bellows containing high levels of gaseous pollutant. The amount of NO x per unit mass sintered ore was decreased from 544 to 416 g/t (around 23.5 %). The third is the NO x reduction technology, which is a method of NO x reduction by controlling the operational condition or mixing some additives with raw material of sintering. For example, the concentration of NO x emission was decreased by treating the top of raw material with microwaves before ignition. 6) The NO x concentration could be also decreased by admixing raw material of sintering with fine limestone (Ͻ2.5 mm) 7) and some hydrocarbons, such as ricehusk, sugar cane slag, sawdust, sugar and flour. The concentration of NO x emission was decreased from 223 to 160 ppm (around 28 %) with the addition of 1.0 % sugar. 8) Based on the principle of the denitrification with recycling flue gas and the in-situ catalytic reduction of NO x by the modified coke, and combined with the characteristics of iron ore sintering process, a new process, named NO x reduction by the modified coke with recycling flue gas, was proposed.
9) The principle of this new process is shown in Fig. 1 . In this process, the modified cokeprepared by impregnation method was used as fuel, and the flue gas was partially recycled to sintering process. The additives loaded in coke not only suppressed the formation of NO x in coke combustion but also had catalytic effect on the reduction of NO x in recycled flue gas. Therefore, the amount of NO x emission was decreased in sintering process. Furthermore, due to the reuse of the sensible heat of recycled flue gas and the secondary combustion of CO in recycled flue gas, the energy consumption of sintering plant could be reduced.
More than 90 % of NO x comes from fuel, and the rest is
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from the iron ores and fluxes. 10) Therefore, NO x emission of sintering process could be simulated by that of coke combustion. This study focused on the reduction of NO x by modifying coke and recycling flue gas in coke combustion, and its application to sintering pot was also investigated.
Experimental

Materials
Preparation of Coke Samples
Bituminous coal derived from Shanxi Province of China was used. The coke sample was made by heating the coal in a crucible with a cover in a muffle furnace at 950°C for 30 min before cooling it down to the room temperature, then it was ground and screened to the size between 0.5 mm and 0.8 mm. The proximate analysis and ultimate analysis of coal and coke are listed in Table 1 , and the ash composition of coke is shown in Table 2 .
The Modification of Coke Samples
The coke samples loaded with additives were made by impregnation method.
1) Preparation of Coke Loaded with K 2 CO 3
For the introduction of K 2 CO 3 , coke breeze was impregnated in K 2 CO 3 solution of definiteconcentration for 30 min. After water evaporated under room temperature, the impregnated coke sample was dried at 120°C for 12 h. A series of coke samples with different K 2 CO 3 loading amount were obtained by regulating the concentration of K 2 CO 3 solution.
2) Preparation of Coke Loaded with CeO 2
For the introduction of CeO 2 , the CeO 2 powder (47-74 mm) was added into water to prepare CeO 2 emulsion of definite concentration at a stirring rate of 20 r/min, coke breeze was impregnated in the CeO 2 emulsion for 30 min. After water evaporated under room temperature, the impregnated coke sample was dried at 120°C for 12 h. A series of coke samples with different CeO 2 loading amount were obtained by regulating the concentration of CeO 2 emulsion. The coke samples loaded with CaO were prepared in the same way.
Sintering Material
The sintering material included iron ore (A, B and C), fluxes (dolomite, limestone and lime) and coke breeze. The chemical composition of raw material is shown in Table 3 , and the particlesize distribution of raw material is shown in Table 4 . Figure 2 shows a schematic view of the experimental apparatus. It was comprised of a gas supplying part, a quartz fixed bed reactor (I.D. 30 mm) and an on-line gas analysis part. For each run, 1.0 g coke sample diluted with 25 g quartz sand (SiO 2 ) was packed into the fixed bed reactor. The coke sample was heated at 5°C/min to 900°C and was held for 30 min in flowing Argon to prevent it burning, then the argon gas flow was switched to the air flow or a mixture gas flow of NO/air, which was simulated as the recycled flue gas. For each run, the initial O 2 concentration was always 21.0 %, the total flow rate of inlet gas was kept at 4.0 NL/min by several mass flow meter controllers (D07-12A/ZM, Seven Stars Limited Co., China). 750 mm), and an on-line gas analysis section. The total mass of sintering material for each run was 40.0 kg. About 120 s after the ignition, the NO x gas, simulated as recycled flue gas, was introduced to the top surface of sinter bed via a gas distributor, and then the NO x gas and air flowed through sinter bed under suction pressure. Iron ore fines, fluxes and coke breeze (raw or modified)
The Experimental Apparatus 2.2.1. The Apparatus of Coke Combustion
The Apparatus of Sintering Pot Tests
were mixed with water in a rotor drum to form granules for 180 s, and then the granules were packed into sintering pot. 
The Analysis of Flue Gas
The composition of flue gas was monitored by an on-line gas analyzer, KM9106 flue gas analyzer (Kane International Limited Co., England), for the concentrations of CO, O 2 , NO, NO 2 and NO x (NO x ϭNOϩNO 2 ). The precision for CO, NO and NO 2 was 1 ppm, while the precision for O 2 was 0.1 %.
In coke combustion experiments, the data were recorded every 30 s. The NO x reduction is expressed by the NO x reduction ratio R: Table 3 . Chemical composition of raw material (wt%). Table 4 . Particle size distribution of raw material (wt%). coke combustion at sampling time, c 0 is the NO x concentration in the recycled flue gas; t is the total time of coke combustion.
In sintering pot tests, the data were recorded every 30 s from ignition to the end of sintering. The NO x reduction is expressed by the NO x reduction ratio RЈ:
Where, c t is the NO x concentration in base run at sampling time, c t Ј is the NO x concentration in other run at sampling time; t is the total time of sintering. c 0 is the NO x concentration in the recycled flue gas, t 0 is the start time of the flue gas recycled into sinter bed, t e is the end time of the flue gas recycled into sinter bed.
Results and Discussion
The SEM Characteristics of the Modified Coke
Scanning electron microscopy and energy dispersive Xray spectroscopy (the area within a dotted line frame in the SEM photographs) were performed with a microscope (Leica-440, England), as shown in Fig. 4 . Figure 4(a) shows that raw coke is abundant in large and medium pores, whose surface was smooth and clean. Figure 4(b) shows that the surface and pore inner wall of coke-2.0%K 2 CO 3 are also clean, indicating the K can impregnate into coke and bonded with carbon. The SEM picture of coke-2.0%CaO is shown in Fig. 4(c) . Due to the lower solubility of Ca(OH) 2 , a small part of Ca(OH) 2 penetrate inside of coke, while the rest is distributed on coke surface and pore inner wall. and additives was as follows: K 2 CO 3 ϾCaOϾCeO 2 .
Effect of K 2 CO 3 Loading Amount on NO x Emission
In coke combustion with recycling flue gas, the effect of K 2 CO 3 loading amount on NO x emission is shown in Fig. 5 . In coke combustion, the overall emission concentration of NO x is determined by the relative importance of the formation and in-situ destruction process. The non-catalytic reduction of NO x by coke has been considered to be the most important reaction of NO x destruction.
11) Moreover, some mineral materials in coke, such as Na and Ca, have positive effects on NO x reduction in coke combustion. 12, 13) In this study, the maximum concentration of NO x emission in coke combustion was 450 ppm. When the recycled flue gas, simulated by a mixture gas with 150 ppm NO x , was introduced to coke combustion, the maximum concentration of NO x emission was 493 ppm, suggesting that partial NO x in the recycled flue gas was reduced to N 2 by coke or CO produced in coke combustion. The NO x partial pressure increased with the extra addition of NO x in the recycled flue gas, which might suppress the formation of NO x in coke combustion.
In the combustion of coke loaded with K 2 CO 3 with recycling flue gas, with the increasing of K 2 CO 3 loading amount, the NO x emission peaks shifted foreword significantly, which was related to the combustion-supporting effect of K 2 CO 3 on coke, and the NO x emission peak values decreased monotonously. When K 2 CO 3 addition was 2.0 %, the maximum concentration of NO x emission was decreased from 493 to 293 ppm (around 40.6 %). The NO x reduction ratio can be obtained by integration of Fig. 5 and calculation of Eq. (1). In coke combustion with recycling flue gas, the NO x reduction ratio was 13.6 %. It was lower than that of the traditional denitrification with recycling flue gas, which resulted from the small thickness of coke layer in this study. When the flue gas was recycled to the combustion of coke loaded with 0.5%, 1.0% and 2.0% K 2 CO 3 , the NO x reduction ratios were 21.0 %, 30.4 % and 36.7 % respectively.
Effect of CaO Loading Amount on NO x Emission
CaO is one of the main mineral materials in coke, which had suppressive effect on the NO x formation in coke combustion. 14) As shown in Fig. 6 , in the combustion of coke loaded with CaO with recycling flue gas, the concentration of NO x emission decreased with the increasing of CaO loading amount. When the loading amount of CaO was 2.0 %, the peak value of NO x emission was decreased from 493 to 372 ppm (around 24.5 %), and the NO x reduction ratio was 20.2 %, which was one and a half times as much as that of the coke combustion with recycling flue gas.
The NO x reduction came from two aspects. One was the reduction of NO x in recycled flue gas. CaO had catalytic effect on the reduction of NO x by carbon and carbon monoxide. The other was the suppression of NO x formation in coke combustion. In CaO modified coke combustion, CaO might react with heterocyclic nitrogen forms in coke, that was, char-N, to form CaC x N y or CaO x C y N z , which subsequently decomposed to provide N 2 . 15, 16) The NO x reduction reactions were as follows: 
Effect of CeO 2 Loading Amount on NO x Emission
Due to the properties of redox and NO x -storage, CeO 2 was widely used in cleaning combustion of coal and purification of automobile exhaust. 17, 18) The NO x emissions in the CeO 2 modified coke combustion with recycling flue gas are shown in Fig. 7 . When the flue gas was recycled to the combustion of coke loaded with 0.5%, 1.0% and 2.0% CeO 2 , the maximum concentrations of NO x emission were decreased by 19.3 %, 23.5 % and 30.8 % respectively. CeO 2 had catalytic effect on NO x reduction reactions, and the NO x storage of CeO 2 was another factor for NO x reduction. In coke combustion, NO 2 , produced by the oxidation of NO, reacted with CeO 2 and formed Ce super-oxide, which subsequently underwent secondary reactions to yield N 2 . 19) When the flue gas was recycled to the combustion of coke loaded with 2.0 % CeO 2 , the NO x reduction ratio was 26.2 %, which was 1.9 times as much as that of the coke © 2008 ISIJ combustion with recycling flue gas. In the combustion of coke loading with CeO 2 , the concentration of NO x emission decreased nonlinearly, which was related to the extent of the contact between CeO 2 and coke. At the early stage of coke combustion, the CeO 2 had better catalytic effect on NO x reduction reactions due to the nicer contact between CeO 2 particles and coke, so the rate of NO x reduction was large. At the later stage of coke combustion, the effect of CeO 2 on NO x reduction reactionsweakened gradually in absence of contact between CeO 2 and coke.
The Application to Sintering Pot Tests
Raw coke and the modified coke were used as fuel respectively, the NO x emission in each run is shown in Fig. 8 . The NO x concentration in sintering process was around 150 ppm. 50 ppm NO x was extra added to sintering process with the recirculation of the simulated flue gas. In the base run with recycling flue gas, the concentration of NO x emission was a little more than that of the base run, and the NO x reduction ratio was 24.6 %. When the simulated flue gas was recycled to sintering process, where the coke samples loaded with 2.0 % K 2 CO 3 , CaO and CeO 2 were used asfuel, the NO x reduction ratios were 34.1 %, 34.5 % and 38.0 % respectively. They were all about 10 % higher than that of the base run with recycling flue gas.
After the ignition, the combustion layer moved gradually from top to bottom, NO x produced in combustion layer passed through the layer below combustion layer and was discharged into chimney, so the NO x reduction reactions mainly occurred in or below the combustion layer. The reducing agents were mainly the burning coke and CO produced by coke combustion in combustion layer. Moreover, some components in sinter material, such as CaO and Fe x O y , hadcatalytic effects on NO x reduction. 20) Due to the adverse effect of the K loaded in coke on blast furnace, the application of K 2 CO 3 in the practical sintering process was limited. The NO x elimination in the sintering process was complicated, because the NO x reduction was accompanied with the NO x formation, and the NO x elimination was affected not only by the local reducing atmosphere in combustion layer but also by the composition of sintering material and the oxygen potential. To understand the mechanism of the NO x reduction clearly, the further studies need to be performed.
Conclusions
The NO x reduction by modifying coke and recycling flue gas was investigated with fixed bed reactor and sintering pot. The following results were obtained.
(1) The coke samples loaded with different additives were characterized by SEM, the extent of the contact between additives and coke was: K 2 CO 3 ϾCaOϾCeO 2 .
(2) In the modified coke combustion with recycling flue gas, the additives loaded in coke not only had catalytic effects on the reduction of NO x in the recycled flue gas, but also suppressed the formation of NO x in coke combustion.
(3) The NO x reduction ratio increased with the loading amount of additives. When the loading amount of K 2 CO 3 , CaO and CeO 2 was 2.0 %, the NO x reduction ratios were 36.7%, 20.2 % and 26.2% respectively.
(4) In sintering pot tests, the coke samples loaded with 2.0 % K 2 CO 3 , CaO and CeO 2 were used as fuel and the flue gas was recycled to sintering process, the NO x reduction ratios were 34.1%, 34.5 % and 38.0 % respectively. It was about 10 % higher than that of the base run with recycling flue gas.
© 2008 ISIJ Fig. 8 . NO x emission in sintering pot tests. Fig. 7 . NO x emission in CeO 2 modified coke combustion with recycling flue gas.
